We report multi-frequency and multi-epoch radio continuum observations with multi-spatial resolution for the low-luminosity active galactic nucleus (LLAGN) NGC 266. In the centimetre regime, we find diffuse components with Very Large Array (VLA) observations, and a variable compact core with a rising spectrum with Very Long Baseline Array (VLBA) observations. Although the spectral index of the rising spectrum is consistent with the prediction of the simple advection-dominated accretion flow (ADAF) model, the observed radio power is slightly high compared with that of the model prediction. A spectral break at centimetre-to-millimetre wavelengths is inferred from the upper limits of flux densities from Nobeyama Millimetre Array (NMA) and James Clerk Maxwell Telescope (JCMT) data at millimetre and submillimetre wavelengths, respectively. More complicated considerations are required for the theoretical model to interpret such observed radio properties.
rather than disc-like or jet-like structures, for most of the sources at milliarcsecond resolution (e.g. Herrnstein et al. 1997; Bietenholz, Bartel & Rupen 2000; Falcke et al. 2000; Nagar et al. 2002a) . Very rapid and large-amplitude flux variations (e.g. Ho et al. 1999; Nagar et al. 2002a ) also support compactness. It has not been clear whether the radio-emitting sources are accretion discs or jets. In terms of radio spectra, a VLA survey has revealed (at 5-15 GHz with 0.5-arcsec resolution) that many LLAGNs show flat radio spectra, and some show rising spectra (Nagar, Wilson & Falcke 2001 , who noted that the contamination from diffuse components is included in the measurements for some LLAGNs). At milliarcsecond resolutions of the Very Long Baseline Array (VLBA), the rising spectra have been found more clearly in several LLAGNS Anderson, Ulvestad & Ho 2004) . Such rising spectra seem to be consistent with the predictions of the ADAF model. However, their radio luminosities significantly depart from those predicted using observed X-ray luminosities Anderson et al. 2004) . The origin of the additional radio emission is still controversial.
With millimetre interferometers, because of their poor sensitivities, there have been no observations for such weak radio sources of LLAGNs. In the submillimetre, single-dish observations have been carried out for some LLAGNs, although significant dust contamination could affect such observations if the nuclear components are for three additional sources (NGC 3031, 4278 and 4552) can be found in the plots of Nagar et al. (2002b) . No clear evidence of ADAF has been found from these JCMT measurements.
Thus only fragmentary data at centimetre-to-submillimetre wavelengths are available for LLAGNs, and some diffuse contamination may be included in these data. In the present paper, we report multifrequency and multi-epoch radio observations with multi-spatial resolution for NGC 266, which is one of the LLAGNs with a compact radio core . This is the first report of such extensive radio investigations for a LLAGN. We adopt a distance to NGC 266 of 61.5 Mpc, based on z = 0.015 547, a Hubble constant of H 0 = 75 km s −1 Mpc −1 , and a deceleration parameter of q 0 = 0.5. Thus 1 arcsec corresponds to ∼300 pc.
O B S E RVAT I O N S A N D DATA R E D U C T I O N
We have compiled data obtained by continuum observations with four telescopes: the VLA and VLBA at the National Radio Astronomy Observatory (NRAO) at centimetre wavelengths, the Nobeyama Millimetre Array (NMA) at the Nobeyama Radio Observatory (NRO) at a millimetre wavelength, and the JCMT on Mauna Kea at a submillimetre wavelength. The JCMT and two out of the four VLA data sets were retrieved from the archives, and all the rest came from our observations.
VLBA observations
We observed NGC 266 using 10 stations of the VLBA with the phase-referencing method at 1.7, 2.3, 5.0 and 8.4 GHz on 2003 March 8, and at 8.4 and 15 GHz on 2003 October 3. J0048 + 3157 served as a gain calibrator with a separation of 0.
• 38 from the target. For the purposes of checking, another set of phase-referencing scans was also carried out between two bright radio sources, J0048 + 3157 and J0057 + 3021, with a separation of 2.
• 5. A single circular polarization was received with a total bandwidth of 32 MHz; the right circular polarization was received at 2.3 and 8.4 GHz, while the left one was received at the other frequencies. The standard calibration process, including ionospheric correction, was applied using the AIPS software. Imaging, deconvolution and self-calibration were carried out with the DIFMAP software (Shepherd 1997) . The solutions from fringe fitting and self-calibration for amplitude and phase on the calibrator were applied to the target data. After these processes, rapid phase fluctuations on the target data were eliminated. However, significant residual phase errors of long time scale could remain, which are dependent on the target-calibrator separation angle (Beasley & Conway 1995) . We estimated the residual phase errors on the phase-referenced target in the check scan. As a result, a coherence time of 60-120 min was expected to be available to NGC 266. Resultant signal-to-noise ratios allowed us to make additional phase-only self-calibration. This process provided thermal-noise-limited images at all the frequencies except for 15 GHz, where the signal-to-noise ratio was insufficient for self-calibration. In the non-self-calibrated image of the target in the check scans at 15 GHz, we found a decrease of 25 per cent in peak intensity because the image dynamic range was limited as a result of the residual phase errors. For the very small separation between NGC 266 and the calibrator, compared with that of the check scans, we expected the loss in peak intensity to be much less than 25 per cent, perhaps 5 per cent or so. Although the self-calibration was not applied to the target data at 15 GHz, our measurement at 15 GHz was probably reliable.
All of the final target images were synthesized from naturally weighted visibilities, and then deconvolved. A single source was found at almost the same position in all the images. These flux densities were measured by elliptical Gaussian fitting using the JMFIT task of AIPS. We derived the total errors in the flux measurements from the root sum square of errors in the flux scaling (5 per cent, but 10 per cent only at 15 GHz, we assumed) and the Gaussian fitting (including thermal noise). The phase-referencing observation at 8. 
VLA observations and archival data
We made observations using the VLA at 22 GHz in DnC-array configuration on 2001 September 28, and at 1.4, 4.9, 8.5 and 15 GHz in B-configuration on 2003 December 5. Additionally, we retrieved two archival data sets: 4.9 and 8.4 GHz in BnA-configuration on 1995 September 15; and 4.9, 8.5 and 15 GHz in A-configuration on 1999 September 10. All the observations included scans of J0048 + 3157 or J0057 + 3021 as a gain calibrator, and 3C 48 as a primary flux calibrator. Reductions were done using AIPS and followed standard techniques. All of the target images were synthesized from naturally weighted visibilities, and then deconvolved. A single source was identified at the centre of all the images. Flux density measurements were performed by elliptical Gaussian fitting using the JMFIT task in AIPS. We derived the total errors in the flux measurements from the root sum square of errors in the flux scaling (3 per cent, but 5 per cent only at 22 GHz, we assumed) and the Gaussian fitting (including thermal noise).
Unfortunately, radio interference affected data at 1.4 GHz on 2003 December 5. We managed to image them after flagging visibilities of short baselines that suffered serious damage. As a result, the flux measurement shows a large error in this case.
NMA observations
We observed the nuclear region using the NMA, with the D-configuration which is the most compact array configuration, on 2003 April 26 and 28, and May 13, 14 and 25. Visibility data were obtained with the double-sided receiving system at central frequencies of 89.725 and 101.725 GHz, where each band has a bandwidth of 1 GHz. The typical system noise temperature, T sys , was about 150 K. We made scans of J0136 + 4751 every 25 min for gain calibration. The bandpass calibrators of 3C 279 and/or 3C 454.3 were scanned once a day. The data were reduced using the UVPROC-II package, developed at the NRO. To achieve higher sensitivity, visibilities of both the sidebands were combined with the same weight, which resulted in an averaged central frequency of 95.725 GHz (3.1 mm). Each daily image was individually processed with natural weighting, and then deconvolved using AIPS. Furthermore, the visibilities of all the days were combined with a weight of T −2 sys , and then imaged. Flux scales of the gain calibrator were derived with an uncertainty of 10 per cent by relative comparisons with calibrators of known flux such as Uranus, which were scanned quasi-simultaneously at almost the same elevations. Consequently, no significant emission was detected at the nucleus on all the target images above 3 times the rms of the thermal noise.
JCMT archival data
NGC 266 was observed on 2000 July 3 using the Submillimetre Common User Bolometer Array (SCUBA: Holland et al. 1999) Columns are: (1) observation date; (2) telescope name, and array configuration for interferometric observations; (3) observing frequency; (4) total flux density; (5) rms of image noise measured over blank sky; (6) FWHM of beam along major and minor axes; (7) and the NVSS archival image. In cases of non-detection, downward arrows indicate the upper limits determined from 3σ , except for that of 43 GHz deduced from 10σ , where σ is the rms of image thermal noise. The line styles connecting data points mean different epochs of quasi-simultaneous multi-frequency observations. The widely spaced dashed line represents the predicted radio spectra in the ADAF model with a black hole mass of 6.5 × 10 8 M and an accretion rate of 10 −3 in Eddington units; at this accretion rate, the observed X-ray properties can be explained. Since the highest radio power can be produced at an accretion rate of about ∼10 −3 , an additional radio component or larger black hole mass is required to explain the VLBA results on 2003 March 8 (see Section 4.2 in detail).
on the JCMT at 347.38 GHz (850 µm) in jiggle-map mode, and we retrieved the data from archives. The data were processed with the SCUBA User Reduction Facility (SURF) package. We applied the standard reduction procedures including flat-fielding, flagging of transient spikes, correction for extinction, pointing correction, sky removal and flux density scaling. The Uranus scan gave us a flux scaling factor with an uncertainty of ∼15 per cent and a beamsize of 15.1 arcsec. No significant emission was seen at the nucleus above 3 times the rms of the thermal noise of the image.
R E S U LT S
The results of our measurements for flux densities are listed and plotted in Table 1 and Fig. 1 , respectively. At centimetre wavelengths, a spatially single emission component at the nucleus is found at a mJy level, corresponding to a radio power of ∼10 21 W Hz −1 , which is consistent with past observations Falcke et al. 2000) . However, no emission was found with our sensitivities at millimetre and submillimetre wavelengths.
Centimetre spectrum
In the centimetre band, we find multiple spectral features as shown in Fig. 1 . At the VLBA resolutions, an unresolved radio core showing a rising spectrum with α = 0.44 ± 0.06, at 1.7-8.4 GHz, appeared on 2003 March 8. However, on 2003 October 3 the rising spectrum could not be confirmed because of the large uncertainty at 15 GHz.
At the VLA resolutions, steep spectra are always seen at <8.4 GHz. There appears a spectral turnover that makes the spectrum concave at 8.4 GHz, then a rising spectrum is seen at 8.4 GHz. However, on 2003 December 5 the steep spectrum became steep at 8.4 GHz; the rising spectrum disappeared at that time.
Millimetre and submillimetre spectra
In the images at 96 and 347 GHz, no significant emission component is detected. This is conceivable because the expected flux density of thermal emission from dust and H II regions in this host galaxy could be very weak, as follows. The far-infrared (FIR) fluxes listed in the IRAS Faint Source Catalog (Moshir et al. 1990 ), useful as a scale for dust emission, are small, because the galaxy is so distant at 61.5 Mpc. The 60-and 100-µm fluxes are 0.814 and 3.294 Jy, respectively. From the relation between FIR and 850-µm total fluxes ( fig. 4 of Dunne et al. 2000) , an 850-µm total flux density of about several tens to a few hundred mJy is predicted for NGC 266, so its surface brightness could be less than 10 mJy beam −1 with the JCMT beam. Furthermore, the surface brightness at 96 GHz would be expected to be less than 0.4 mJy beam −1 . Free-free emission from H II regions is also expected to be very weak; the possible optically thin free-free contribution that can be estimated from the Hβ line flux (Caplan & Deharveng 1986; Condon 1992 ) is at most only 0.2 mJy at 96 GHz.
Time variability
Time variability of the flux density is found in the centimetre band; the most rapid case shows 135 per cent variation on the VLBA fluxes at 8.4 GHz in seven months. Thus the compact component shows very rapid and large-amplitude flux variation. We cannot rule out the possibility that the time variations on the VLA fluxes are caused by the differences of beam sizes and the presence of some diffuse components.
Morphology
The detected emission looks like a single component in all the images from the VLA and the VLBA. By elliptical Gaussian fitting to their intensity profiles, the source sizes are clearly or marginally smaller than half of the beamsizes. Exceptionally, the archival image of NGC 266 in the NRAO VLA Sky Survey (NVSS), with 45-arcsec resolution at 1.4 GHz, shows the source to be clearly resolved, but without significant structure. This indicates that some diffuse components are present. The presence of diffuse emission is also deduced by comparison with the other VLA images synthesized with uniformly weighted and (u, v) taper weighted visibilities. In the tapered images, the source still looks like a single component clearly or marginally smaller than half of the beamsizes. However, its flux densities are found to be a 10-30 per cent larger than those in the uniformly weighted images in several cases (column 8 in Table 1 ). Such differences and the result of the NVSS image indicate that some number of low surface brightness emitters reside on kiloparsec scales, although some emission seems to be concentrated in the nuclear region. From these data, we cannot quantitatively evaluate the spatial extent or the fraction of diffuse components in the total radiated power from NGC 266, because of the limited sensitivities of the snapshots.
D I S C U S S I O N
We have made multi-frequency and multi-epoch radio observations with multi-spatial resolutions for NGC 266. At centimetre wavelengths, we find at least two components: a variable compact core within sub-parsec scales that shows a rising spectrum, and a diffuse component on kiloparsec scales. We discuss their origins in this section.
Diffuse component
The candidate for the diffuse emission seen at centimetre wavelengths is synchrotron emission from either star-forming activity or AGN jets. Such synchrotron emission is usually expected to show a steep spectrum because it is optically thin. This may be related to the observed radio properties at <8.4 GHz, where steep spectra have appeared. Such components could dilute the spectral indices of the cores of LLAGNs in measurements with arcsec resolution.
One of the possible sources of the synchrotron emission is a number of supernova remnants. Even a nuclear star-forming region can generate a non-thermal luminosity of ∼10 23 W Hz −1 (Condon et al. 1991) . There is a tight correlation between the non-thermal stellar radio luminosity at 1.4 GHz and the FIR luminosity for galaxies without AGNs (e.g. Helou, Soifer & Rowan-Robinson 1985) . With the FIR flux densities listed as S 60 µm = 0.814 Jy and S 100 µm = 3.294 Jy in the IRAS Faint Source Catalog (Moshir et al. 1990 ), the non-thermal luminosity of stellar origin is expected to be ∼10 21.5 W Hz −1 at 1.4 GHz, which corresponds to the observed radio luminosity of 10 21.6 W Hz −1 in the NVSS at 1.4 GHz. This suggests that the stellar contribution can be substantial in NGC 266.
The other possible source of the synchrotron emission is AGNs. Kiloparsec-scale jets have been found in many LLAGNs (e.g. . Parcsec-scale jets have been found in NGC 4278 Giovannini et al. 2001; Ly, Walker & Wrobel 2004) , NGC 4374 (Nagar et al. 2002a; Ly et al. 2004 ), NGC 4486 (e.g. Junor, Biretta & Livio 1999 and NGC 4552 (Nagar et al. 2002a) . The parsec-scale jets are associated with high radio core luminosities of more than about 10 21 W Hz −1 at 5 GHz. NGC 266 has a core luminosity of 10 21.1 W Hz −1 at 5 GHz, which is near the boundary of whether parsec-scale jets can be generated or not. Hence, parsec-scale jets could be present, although our image dynamic range would be insufficient to detect them. Kiloparsec-scale jets could be also generated.
Compact component
The spectral index, α = 0.44 ± 0.06 at 1.7-8.4 GHz, of the compact core from our VLBA result on 2003 March 8 is consistent with α ∼ 0.4, the prediction of the simple ADAF model (Mahadevan 1997) . We examine whether or not its radio power and higher frequency spectrum are also consistent with the model.
Radio power
Compact cores showing slightly rising spectra have been found in several LLAGNs Anderson et al. 2004) . Their physical origin has been controversial, because the observed radio powers of these several LLAGNs are much higher than the radio powers expected from the black hole masses (Anderson et al. 2004) and observed X-ray luminosities . We also evaluate the radio luminosities of the compact core of NGC 266 using the scaling law of the simple ADAF model (Mahadevan 1997) with both the black hole mass and observed X-ray luminosity.
A correlation between the linewidth of the narrow-line component and the black hole mass (Boroson 2003 ; see also Nelson 2000) suggests that M BH = 6.5 × 10 8 M for NGC 266. We have adopted a value for the [N II]λ6583 linewidth (Ho, Filippenko & Sargent 1997b) , instead of the [O III]λ5007 linewidth which we could not find in the literature. We estimated M BH = 2.0 × 10 8 M for NGC 266 using a relation between the B-and bulge luminosity and black hole mass (Kormendy & Hebhardt 2001 , for a review). The B-band magnitude of the bulge component was taken from Ho et al. (1997b) . The other methods cannot be applicable to the case of NGC 266, owing to the absence of appropriate measurements for these methods in the literature. With the Chandra Observatory, the nuclear X-ray emission was measured as 7.5 × 10 40 ergs s −1 (Terashima & Wilson 2003) .
To produce the observed X-ray luminosity via ADAF, an accretion rateṁ ∼ 10 −3 in Eddington units is required when we assume M BH ∼ 6.5 × 10 8 M , a viscosity parameter α vis = 0.1, and a ratio of gas pressure to total pressure β = 0.5. With these constraints, an electron temperature of ∼5 × 10 9 K is calculated. The derived output spectrum in the radio band is underluminous by a factor of 2-3 compared with the observed VLBA flux densities on 2003 March 8 (Fig. 1) . Since the highest radio power can be produced aṫ m ∼ 10 −3 in the ADAF model, there is no solution of the accretion rate to explain the higher radio power. Therefore the observed radio power cannot be explained in the simple ADAF model. An additional radio component or a larger black hole mass is required. Such a radio excess is consistent with the other LLAGNs with compact radio cores Anderson et al. 2004 ). Several models have been proposed to explain the additional radio component in LLAGNs. Falcke & Biermann (1999) propose that most of the radio flux arises from jets that coexist with the ADAF.Özel, Psaltis & Narayan (2000) propose that synchrotron emission from non-thermal electrons in the ADAF is responsible for it.
High-frequency spectrum
A straightforward rising spectrum over the radio regime is predicted by the simple ADAF model. The rising spectrum is found with the VLBA at centimetre wavelengths, but its simple extrapolation conflicts with the observed millimetre and submillimetre upper limits of flux densities. To interpret this discrepancy, a spectral break or large-amplitude variability should be considered.
More complicated considerations for the accretion model may be needed to explain the absence only of high-frequency radio photons. The suppression of the high-frequency radio flux may be caused by free-free absorption arising from cold plasma in the innermost region of the hot accretion flow (Di Matteo et al. 1999 , and references therein), or by the decrease of density at the innermost disc resulting from outflows carrying accreting mass away (Di Matteo et al. 2000) . When the jet contribution dominates in the total flux, compact jets might show a self-absorbed synchrotron spectrum peaking at centimetre wavelengths, like gigahertz-peaked spectrum sources [see O'Dea (1998) for a review; also see the similar discussion by Nagar et al. (2002b) ]. This may be possible for NGC 266 because the core power is comparable to those of the other LLAGNs with visible parsec-scale jets (Section 4.1). On the other hand, if the total flux were dominated by an ADAF with a traightforward rising spectrum, the observed dimness at the high frequencies could be explained by dramatic decrease in $Y = dot {m}$.
